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I. INTRODUCTION
Visuals play an important role in learning. This is reflected in our educational curricula which, more and more, contain visual representations such as graphs, pictures, and the like, that are designed to enhance student learning. Notwithstanding this effort at visual representations, the research literature reports that students, in general, still have great difficulty with interpreting graphs and diagrams in science [1] [2] [3] . And, with a more complex phenomenon such as sound waves, students ranging from nonscience majors taking conceptual physics courses to graduate students in physics misinterpret either graphical or pictorial representations of sound waves depicted as sinusoidal curves [4, 5] . It comes as no surprise, then, that physics education researchers find student explanations of sound wave phenomena to be mostly incorrect [6, 7] . Why should this be the case?
We investigated the illustrations of sound standing waves in an air column in a pipe in thirteen algebra-based and calculus-based introductory physics textbooks [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and a teacher's guide manual [21] . All illustrations were drawn with two intertwining sinusoidal curves, very much like those used for transverse standing waves. Three typical illustrations are shown in Fig. 1 .
The amplitude of the sinusoidal waves is drawn beyond the walls of the tube in Fig. 1(a) , touching the walls of the tube in Fig. 1(b) , or inside the pipe with a small gap between the amplitude and the pipe walls in Fig. 1(c) .
Besides the inconsistency of the drawn sinusoidal waves, there is no accompanying detailed text explaining what the two intertwining curves represent in the illustrations. Hence, we surmise that students would have difficulty interpreting sound standing waves with such illustrations.
Our study investigates the difficulties students have with interpreting the textbook illustrations of sound standing waves and, in light of the findings, proposes solutions to this problem.
II. LITERATURE REVIEW
In the literature review search, we found no studies on student conceptual understanding of sound standing waves. Therefore, in this literature review, we (i) look at student difficulties with interpreting pictorial representations of sound waves and (ii) use a pilot study to identify some of the problems with textbook representations of sound standing waves.
With regard to student reasoning about pictorial sound representations, students in a calculus-based introductory physics class at a large university chose one of three representations based on their reasoning about sound [5] . For example, those who chose the sine wave representation reasoned that the dust particle in the sound wave path moves up and down, and those who chose a roughly 70°s ection of concentric circles representation reasoned that the dust particle moves along the sound propagation direction. In addition, those who chose the compression and rarefaction representation reasoned that the dust particle moves back and forth parallel to the direction of sound wave propagation.
In terms of student reasoning about sound, engineering students in an introductory physics course at the University of Maryland incorrectly reasoned that sound waves collide with the medium, either pushing air particles forward in a linear fashion or pushing air molecules forward along a sinusoidal path. Interviews indicated that these students perceived sound waves as objects [6] .
Nonscience major students in a conceptual-physics class at Kansas State University also had incorrect reasoning of sound propagation: Some reasoned that sound propagates like an object moving through gaps in a medium. Others mixed wave properties of sound with their object perception [7] . These reasoning statements revealed that students are confused about sound wave travel.
To further investigate student reasoning about sound wave phenomena, we conducted a pilot study with a sample of 87 students from two different courses: (i) Physics for Scientists and Engineers and (ii) General Physics [22, 23] . This study used five different textbook excerpts [8] [9] [10] [11] [12] to assess the comparative effectiveness of textbook illustrations on student conceptual understanding of sound standing waves pertaining to air molecule motion, the relationship between the amplitude of sound standing waves and the diameter of the pipe, and the difference between the pressure node and displacement node or between pressure antinodes and displacement antinodes.
If the illustrations in the textbooks shown to the students do not have accompanying explanative texts, students showed great confusion. For instance, on the concept of the motion of air molecules in a pipe, only about 17% of the students chose II (the correct answer), the rest either chose I, I and III, or II and III.
I. The air molecules oscillate perpendicular to the pipe. II. The air molecules oscillate parallel to the pipe. III. The air molecules move along the pipe in a sinusoidal curve. If the textbooks that were shown to the students did not state explicitly that the amplitude of sound standing waves has no relation to the diameter of the pipe, then 88.1% of the students mistakenly interpreted, from the illustrations alone, that there is a relationship between the amplitude of sound standing waves and the diameter of a pipe. For example, students interpreted illustrations such as those shown earlier in Fig. 1 as follows: Fig. 1 (a) the amplitude of sound standing waves exceeds the diameter of the pipe; Fig. 1(b) , the amplitude of the sound standing waves is equal to or less than the diameter of the pipe; and Fig. 1(c) , the amplitude of sound standing waves is less than the diameter of the pipe.
In addition, if the textbooks shown to the students only state nodes, but do not differentiate a pressure node from a displacement node or a pressure antinode from a displacement antinode, then students have no idea how the two differ from each other.
In contrast, illustrations that contained explanatory text had marked positive effects on student understanding of the motion of air molecules, the relationship between the amplitude of sound standing waves and the diameter of the pipe, and the difference between pressure nodes and displacement nodes or between pressure antinodes and displacement antinodes. For example, the following textbook excerpt (p. 523 in Ref. [9] ) which states "The air molecules oscillate back and forth parallel to the direction in which the wave is traveling, creating compression (regions of higher pressure) and rarefactions (regions of FIG. 1 . Typical illustrations of sound standing waves in air columns in a pipe in introductory physics textbooks. lower pressure)," enhances student understanding of the motion of air molecules as demonstrated by approximately 78% of the students who correctly answered the question on air molecular motion.
III. THEORETICAL FRAMEWORK
Cognitive psychology and semiotics theories provide the framework for this research. From a cognitive psychology perspective, the concept of meaningful learning refers to the process of mentally connecting new concepts to an already existing cognitive structure through actively attending to relevant attributes of a phenomenon, and organizing and integrating these attributes into the existing cognitive structure [24] [25] [26] [27] [28] [29] [30] [31] : for instance, relating sound standing wave patterns to already learned relevant concepts such as Dalton's molecular theory of gases, density and pressure, mechanism of energy transfer through an elastic medium, characteristics of waves, differentiation of transverse and longitudinal waves, the superposition of incident and reflecting waves, and the like.
So, how can one make scientific illustrations meaningful to the readers? One can make them meaningful through the use of proper symbols and explanatory text. Once the prerequisite cognitive structure has been established, research finds that illustrations accompanied by explanatory text improve student comprehension [32, 33] , whereas illustrations alone are not effective for student learning.
For example, one study shows that an isoclines graph in ecology without adjunct explanative text is not effective for student learning [2] .
Besides text, proper usage of symbols in an illustration influences the effectiveness of learning. Semiotics theory propounds that meaningful learning occurs when one can relate a symbol to the object to which it refers and connect the relevant aspects of the object to one's existing cognitive structure [34, 35] . It suggests a triad relationship between a symbol, its object, and the mental association between a symbol and its object [36, 37] . Hence, a symbol should, in this case, visually match some aspect relevant to the characteristic of the object it signifies in order to facilitate mental interpretation. For example, a sine wave is a good signifier for a transverse wave because it is relevant to the phenomena: a transverse wave causes a rope to move up and down in different regions as the wave propagates forward. Similarly, two intertwining sinusoidal waves are relevant to transverse standing waves because of their appearance on a resonating rope and, thus, are conventionally used to signify transverse standing waves. However, a sine wave is not, without a prerequisite cognitive structure, a meaningful signifier for sound waves, longitudinal pressure waves in nature where media oscillate back and forth as the waves propagate forward. Thus, in a sound standing wave, compression and rarefaction characteristics should determine the symbol or symbols we choose to illustrate it, so that the symbol or symbols are meaningful for the reader. One might illustrate a standing sound wave by dots densely packed in a defined area (compression) followed by dots much less densely packed in an equal area (rarefaction).
Based on the pilot study and the theoretical framework in cognitive psychology and semiotics, we set the objectives of this research as follows: (i) To find out how students interpret the illustrations for sound standing waves in air columns in pipes without detailed explanatory text in a typical introductory physics textbook; (ii) to design more effective illustrations with supporting text to improve student understanding of the underlying concepts; and (3) to test the hypotheses that the newly designed illustrations with their supporting text are more effective for student learning than the illustrations in a typical introductory physics textbook.
IV. MATERIALS AND METHODS

A. Participants
During the 2011-2012 academic year, at a predominantly Hispanic institution in South Texas, thirty volunteers for research were recruited from the following introductory college physics courses: The first author contacted all the students (240) who had just completed General Physics I and Physics for Scientists and Engineers I courses. Out of the 240, 90 volunteered to participate in the research; however, only 30 qualified. These students had to meet two criteria-(i) they had completed the first course (which covered sound) of the two-course sequence of introductory physics courses, and (ii) they had answered, satisfactorily, a short questionnaire consisting of five questions (shown below) on the basic knowledge of sound waves and transverse standing waves: they had answered four out of the five questions correctly, and approximately 87% had either correctly or partially correctly answered the remaining question.
(1) What is a sound wave?
(2) Is a sound wave a longitudinal wave or a transverse wave? Explain your answer. (3) Please draw a graphical representation of a sound wave and clearly label all parts of your drawing. (4) What is a transverse standing wave? And how is a transverse standing wave formed? (5) What are an antinode and a node in a transverse standing wave? Prior to answering the five questions, access to a 1 hour online video containing demonstrations and explanations of periodic sound waves, transverse and longitudinal waves, and transverse standing waves provided all the participants refresher training. These procedures-first physics course completion, then video presentation, and then satisfactorily answering five questions-ensured that all the research volunteer participants had the basic knowledge of sound waves and transverse standing waves, two concepts that ILLUSTRATIONS AND SUPPORTING TEXTS … PHYS. REV. ST PHYS. EDUC. RES 10, 020110 (2014) 020110-3 usually precede the sound standing wave phenomena in an introductory physics textbook. Typically, volunteer students tend to be more able than students in general [38, 39] . Therefore, the researchers believe that if the volunteers have problems with the traditional textbook illustrations, then the less able students will surely have problems.
B. Instruments
Five instruments were employed in this study: one "Presurvey", two handouts labeled "Textbook Handout" and "Another Perspective," and two postsurveys labeled "Post Alt" and "Post Text."
Presurvey
The Presurvey (see Appendix A) consists of 14 multiple choice questions targeting three conceptual areas about which students often feel confused: (i) the motion of air molecules inside a pipe (questions 2, [9] [10] [11] [12] [13] [14] ; (ii) the relationship between the amplitude of sound standing waves and the diameter of the pipe (question 3); and (iii) the pressure and displacement nodes and antinodes in open-open and open-closed pipes (questions 4-8). These questions are based on the researchers' findings in the prior pilot study concerning student understanding of sound standing waves [22, 23, 40] .
Textbook Handout
The Textbook Handout is an excerpt from a textbook [11] currently used for the General Physics course. It contains diagrams for sound standing waves represented by two intertwining sinusoidal curves (see Appendix B). This Textbook Handout is one of the other five textbooks [8] [9] [10] [11] [12] Furthermore, only two of the five textbooks state that there is no relationship between the amplitude of sound standing waves and the diameter of the pipe. The other three have no mention of the concept. Only two textbooks make distinctions between pressure nodes or antinodes and displacement nodes or antinodes; the other three do not. Three out of five state how air molecules move inside the pipe in general; the other two do not.
Another Perspective
The Another Perspective handout (see Appendix C), mainly designed by the first author, contains illustrations of the motion of air molecules with supporting text for sound standing waves in a pipe (see a sample illustration in Fig. 2 ). These illustrations are in alignment with the mathematical equations for sound standing waves in cylindrical pipes described in books on acoustics [41] [42] [43] [44] [45] . They also adhere to conventions in designing instructional graphics such as arrows, graphs, labels, and the like [46] . In addition, they adhere to the embodiment of sequential operation processes in illustrations to show how scientific devices work [47] .
Four distinguishing characteristics of these illustrations were developed for the motion of air molecules in pipes: (i) the essential element of the motion-air molecules represented by dots, (ii) the main sequential phases in a periodic motion cycle, (iii) the arrows and labels that further facilitate the interpretation of the motion of air molecules to identify compression and rarefaction zones and to locate pressure and displacement nodes and antinodes, and (iv) the separate pressure and displacement graphs, outside the pipes. In addition, explanatory text was provided for the illustrations. Furthermore, refutation text was added to deal with common student misinterpretations of figures [48] . An example of refutation text is "the amplitude of the displacement or pressure curves … is not related to diameter of the pipe." There is no refutation text in the Textbook Handout. The textbook published by Knight [9] has the statement on page 525.
Two postsurveys: Post Alt and Post Text
The Post Alt and Post Text (see Appendix D) read exactly the same as the presurvey except that each includes a new question (question 3) that refers to specific figures; however, the figure numbers differ due to the different handouts. Also, both postsurveys include spaces for students to record their reasoning and basis or source(s) of information in coming up with their answer for each question. Sources may have included specific page(s) in the text of the handout, specific figure numbers in the handout, previous knowledge, or demonstrations observed in class.
C. Experimental design
In order to test the effects of the two handouts and collect students' feedback as to why they think a particular handout enhances their understanding, each student received two treatments, i.e., reading two different handouts in the order indicated in Fig. 3 . Further, to eliminate any sequential effect that reading the first handout might have on reading the second handout, this research employs a counterbalanced design [49] , in which two groups read different initial handouts and later in the process read the opposite handouts.
D. Procedures
Thirty volunteer students were randomly assigned to two groups of fifteen each-group A and group B. A random number generator in Microsoft Excel 2010 generating either a number "1" (group A) or "2" (group B) determined the group membership of each student.
Once group membership was determined, the administration procedures took place in the following order: The Presurvey was administered to all the participants to gauge their initial understanding of sound standing waves; they were given approximately 30 minutes to complete the survey without being given any handouts to read. Further, they were orally instructed to answer the questions as best they could, based on their current knowledge. Following the Presurvey, each student read an assigned handout: 
E. Statistical methods
This study compares either mean scores or proportions. In all the mean score comparisons, the Kolmogorov-Smirnov goodness-of-fit test assesses the normality of the distributions. An independent samples case t test is used when comparing mean scores of two groups and if the difference scores are normally distributed; otherwise, an independent sample Mann-Whitney U test is used. However, when comparing the mean scores of a single group on two surveys and when the difference scores are normally distributed, a paired samples case t test is used; otherwise, a paired Wilcoxon signed-rank test is used. On the other hand, when comparing the proportions between two groups, a two proportions Z test is used. However, when comparing a proportion for one group with the proportion 0.5, a one-proportion Z test is used. The significant level of all tests is set at 0.05. The software of choice are SPSS 20.0 for Windows and JMP 8.0.
The research took place in the following order: First, the researchers compared the means of the overall scores of the two groups in the presurvey to determine whether the groups differed significantly in prior knowledge on this topic. Second, for each group, they tested for a significant difference between the presurvey and the first postsurvey (Post Alt for group A, Post Text for group B) scores. Third, they tested for a significant difference between the second postsurvey scores (Post Text for group A, Post Alt for group B) and the first postsurvey scores for each group. This procedure was repeated for each of the three conceptual areas embedded in the surveys: (i) the motion of air molecules, (ii) the relationship between the amplitude of sound standing waves and the diameter of pipe, and (iii) the pressure and displacement nodes and antinodes. Finally, they tallied the student responses to the questionnaire and tested whether a majority favored a particular handout.
The null hypotheses are as follows:
(1) On the motion of air molecules in a pipe, there is no difference in gain scores between the group that reads the Another Perspective handout and the group that reads the Textbook Handout. (2) On the relationship between the amplitude of sound standing waves in a pipe and the diameter of the pipe, there is no difference in gain scores between the group that reads the Another Perspective handout and the group that reads the Textbook Handout. (3) On the difference between pressure nodes and antinodes and the difference between displacement nodes and antinodes in a pipe, there is no difference in gain scores between the group that reads the Another Perspective handout and the group that reads the Textbook Handout.
V. RESULTS AND DISCUSSIONS
This section shows the results of an overall analysis of the data. It further analyzes student gain scores in each of the three following concept areas: the motion of air molecules, the relationship between amplitude of sound standing waves and diameter of pipe, and the pressure and displacement nodes and antinodes.
Descriptive statistics on presurvey and postsurvey scores for two groups are shown in Table I . One point is assigned to each correct answer.
Comparing the means of presurvey scores for group A (4.93) and group B (4.33) through an independent samples Mann-Whitney U test, we conclude that each group's initial knowledge of sound standing waves is not significantly different from the other. Figure 4 displays boxplots for score distributions of presurvey and postsurvey scores for group A and group B. Post Alt and Post Text scores read higher than Presurvey scores in group A, and Post Alt scores read higher than both Presurvey and Post Text scores in group B.
Furthermore, testing for sequential effects, the overall mean of the two Post Alt scores is 10.3 ½ð11.0 þ 9.6Þ=2, which is greater than the overall mean of the two Post Text scores, 7.44 ½ð10.47 þ 4.4Þ=2. The related-samples Wilcoxon signed-rank test shows that the two overall means are significantly different (P value ¼ 0). These clearly show that the Another Perspective handout is superior to the Textbook Handout for both groups regardless of sequence.
In Table II , we tested the significance of gain scores between the means of the presurvey and postsurveys for each group. The means of total points on presurvey and postsurveys are compared using the paired Wilcoxon signed-rank test because the assumption of normality on the gain scores in each group does not hold, except for the difference between the Post Text and Post Alt scores for group A-in that case, a paired t test was conducted. Significant differences in gain scores are found between the Post Alt and Presurvey for group A, as well as between Post Alt and Post Text for group B. These results indicate that after students had read the Another Perspective handout, their understanding improved.
Regarding the student free responses in the Presurvey, most of the answers are either blank or incorrect. For instance, in responding to the question "Which of the following best describes a sound standing wave?" a student response clearly shows confusion: "I learned that sound waves are longitudinal. However, there is [sic] also transverse sound standing waves. (video). Therefore, I think they could be either longitudinal or transverse." We note that our online refresher video does not show transverse sound standing waves; rather, it shows transverse standing waves on a string.
In their free-response explanations in the postsurveys, the students in group A mainly refer to the figures such as Fig. 1, Fig. 2 , or use terms such as compression and rarefaction that are found in the Another Perspective handout to support their answers for both postsurveys. Group B students at first support their answers by referring to the learning materials in the Textbook Handout. However, after reading the Another Perspective handout, they mainly support their answers similarly to the students in group A. For instance, to the question "In the open-open pipe, when the first harmonic sound standing wave is formed, which best describes the motion of the air molecules?" a typical response is as follows: "pressure antinode is formed where air molecules bunch together in the middle, where there is maximum pressure. Then air molecules spread apart. This shows that air pressure and density is decreasing." These phenomena indicate that the illustrations in the Another Perspective handout are meaningful to them since they keep referring to them.
A. Concept area 1: Air molecule motion
Students' scores are calculated for question 2 and questions 9-14 in the Presurvey (see Appendix A) and for question 2 and questions 10-15 in each of the postsurveys (Post Text, Post Alt); (see Appendix D). Table III shows the gain scores. The Wilcoxon signed-rank test is used to calculate the gain scores between Post Text and Post Alt for group A. All other gain scores are calculated using paired t tests. The two significant P values indicate that students who read the Another Perspective handout make significant gains in their basic understanding of the motion of air molecules in sound standing waves in pipes for the first three harmonics. These gains occur whether the Another Perspective handout is read after they take the Presurvey or after they read the Textbook Handout.
Regarding the motion of air molecules in sound standing waves, these results support the decision to reject the null hypothesis that there is no difference in gain scores between the group that read the Another Perspective handout and the group that read the Textbook Handout.
The transition in student understanding of the motion of air molecules in sound standing waves
The four motion types for the movement of air molecules in a sound standing wave are described as follows (see Appendix A, question 10 of the Presurvey, as an example): These four motion types are also presented in each of the postsurveys in the same sequence.
A.... air molecules move along one of the two sinusoidal curves while oscillating parallel to the pipe…. B.... air molecules move along one of the two sinusoidal curves while oscillating perpendicular to the pipe…. C.... air molecules compress toward the left pressure antinode and reduce density and pressure around the right pressure antinode…. D.... air molecules oscillate up and down within the bounded areas of the two sinusoidal curves while propagating along the pipe….
Each of the six questions on the Presurvey, Post Text, and Post Alt surveys has four selection type distractors (A, B, C, D) and all have one correct answer (C). Figure 5 illustrates the percentage of the students who selected different distractors on each survey: for instance in group A, the Presurvey, only 13% of the students (two students) chose the correct answer for all six questions. It is also apparent that the other 87% of the students chose one, two, or three different distractors in answering all six questions. In contrast, group A, Post Alt shows that 80% of the students chose only the correct answer in each of the six questions.
Note that in group A the Another Perspective handout changes the student perception of how air molecules move in sound standing waves as evidenced by the persistence of this perception even after they read the Textbook Handout. Similar changes in perception occur in group B: 6.65% (only one student) of the group B students consistently makes the correct choice after reading the Textbook Handout; however, after reading the Another Perspective handout, 53.33% consistently make the correct choice.
Reflection on the diversity of answers to questions regarding the motion of air molecules for different harmonics in both an open-open pipe and an open-closed pipe reveals great conceptual confusion about how air molecules move. For example, some think that air molecules literally move along the curves-the narrower regions between the curves (nodes) indicate that pressure increases, whereas the wider regions (antinodes) indicate that pressure decreases.
B. Concept area 2: Relationship between the amplitude of sound standing waves in a pipe and the pipe's diameter Question 4 reads as follows: How does the amplitude of the sound standing waves relate to the diameter of the pipe in your opinion?
A. The amplitude of the sound standing waves is greater than the diameter of the pipe.
B. The amplitude of the sound standing waves is smaller than the diameter of the pipe.
C. The amplitude of the sound standing waves is equal to the diameter of the pipe.
D. The amplitude of the sound standing waves is not at all related to the diameter of the pipe. From Fig. 6 (a), one can see that 20% of the students in each group chose the right answer D, whereas the remaining 80% believed there is some relationship between the amplitude of the sound standing waves and the diameter of the pipe. However, after reading the Another Perspective handout, more than 70% of the group A students changed to the correct answer. These students still consistently chose the right answer, even after they read the Textbook Handout. In contrast, about 70% of group B students chose the wrong answers after reading the Textbook Handout, their first postsurvey. However, after reading the Another Perspective handout, about 53% of them changed to the correct answer.
To quantify the effects of the Another Perspective handout in bringing about changes in student understanding of the relationship between the amplitude of a sound standing wave and the diameter of a pipe, we conducted two-proportions Z tests on the changes from wrong answers to correct answers between the Presurvey and the first postsurvey and between the first postsurvey and the second postsurvey, respectively.
Eight students in group A and two students in group B changed from a wrong answer in the Presurvey to the right one in the first postsurvey (see Fig. 7 ).
Utilizing the two-proportions Z test [50] ,
where x A and x B represent the change in the number of correct answers out of two groups, n A and n B , respectively; p P is the pooled sample proportion which is calculated aŝ
From this result one can infer that group A has a significantly greater increase in understanding this relationship from the Presurvey to the first postsurvey, compared to group B.
Utilizing the two-proportions Z test, again, to compare the changes of wrong to correct answers between the first postsurvey and the second postsurvey for the two groups, x A and x B are now equal to 0 and 3, respectively. Since the pooled proportionp
This result indicates that group B also has a significant increase in understanding the relationship after reading the Another Perspective handout, whereas group A, who read the Textbook Handout, has no significant change.
C. Concept area 3: Pressure and displacement nodes and antinodes
Questions 5-9 in Post Alt and Post Text, and questions 4-8 in the Presurvey pertain to the displacement and pressure antinodes and nodes in a sound standing wave in an air column inside a pipe. Since each question counts one point, the maximum number of points is five. Paired Wilcoxon signed-rank tests were conducted for all the pairs, except between Post Text and Presurvey for group B where the paired t test was conducted. Table IV shows that there is a significant gain between the Presurvey and Post Alt for group A, which shows that the Another Perspective handout is effective in improving student understanding of these concepts. In contrast, a significant loss is found between the Presurvey and Post Text for group B, which shows that the Textbook Handout is detrimental to improving student understanding of these concepts: most students confused pressure nodes with displacement nodes and pressure antinodes with displacement antinodes. However, reading the Another Perspective handout after the Post Text significantly helped group B improve their understanding as evidenced by a significant positive gain between Post Alt and Post Text.
D. Exit questionnaire
All twenty-nine students were surveyed at the same time. The questionnaire consisted of three questions: 1. What do you think about the two handouts? 2. Which one makes you understand better? 3. Which pictorial representations make you understand sound standing waves better and why?
In the question, "What do you think about the two handouts?" almost all the students think that the Another Perspective handout is more informative and easier to understand than the Textbook Handout. Some students specifically commented that the Textbook Handout is confusing.
In the question, "Which handout makes you understand better?" twenty-seven students strongly favored the Another Perspective handout, and two students favored the Textbook Handout. One student liked both handouts. The proportion favoring the Another Perspective handout is 0.90 ð¼ 27=30Þ. The one-proportion Z test [51] shows that students claim to attain a better understanding with the Another Perspective handout,
is the proportion of those who comment that the Another Perspective handout makes them understand better, which can be calculated asp ¼ x=n ¼ 27 30 
Student comments on why the Another Perspective handout made them understand better include the following:
• "I was able to understand the movement of the air molecules due to the figures drawn. It was easy for me to read and understand the process." • "The material was explained clearly and the figures for each harmonic were very useful! It cleared up any misunderstanding I had." • "Helped me better understand because at first the textbook copy said an open end has an antinode. However, I learned through the Another Perspective handout that an open end pipe has a pressure node and a displacement antinode." • "It used visuals more and described how the pressure and displacement are related. The Textbook Handout only gave a bit description about the pressure. It was more about the displacement. At one point I had trouble figuring out which visual representation of the sin wave was pressure and which one was displacement." • "I was able to remember the figures from it to answer the questions." In the question, "Which pictorial representations make you understand sound standing waves better and why?" twenty-four students stated that the figures in the Another Perspective handout made them understand better, and five students commented that the figures in the Textbook Handout made them understand better. One student stated that they were equally helpful in helping to understand. The proportion of students who stated the illustrations in the Another Perspective handout helped them understand better is 0.80 ð¼ 24=30Þ. Based on Eq. (2),
The data provide sufficient evidence to conclude that a majority of the students favored the figures in the Another Perspective handout.
Furthermore, students commented on the illustrations in the Another Perspective handout. Specifically, 53% of the students made comments on the processes aspect of the illustrations such as "More useful for my understanding because it showed the compression and rarefaction of air molecules," and "Before seeing those pictures, I thought the air molecules were moving up or down (perpendicular) to the pipe, but they are actually parallel."
Thirty percent of the students remarked that the elements including the particles, labels, and arrows included in the illustrations in the Another Perspective handout helped with their understanding. For example, a student mentioned, "I like the arrows that helped me understand the compression of the air molecules. The letter on top with the proper names, also were very helpful in understanding which were the nodes and antinodes. The scattered dots helped me visualize the air molecules much better."
Finally, 13.33% of the students noted that the distinction between pressure and displacement standing wave graphs and the separation between the pipe and the pressure and displacement standing waves on the graphs helped with their understanding. Sample comments included, "It also distinguished between pressure and displacement in the graphs. Just by looking at them helps you understand the text. The chapter given to us from the textbook used hard to understand pictorial representations that were not explained well. It bothered me that they did not inform us it was showing displacement not pressure." Another student said, "I like that it had the air molecules and displacement graphs separately. It gave me a better understanding of the standing wave. I did, however like the A, N, A pattern sequence on the textbook version. It seems like it would help with memorizing."
From perusing all the student comments, we note that students prefer the illustrations clearly laying out the processes through incorporating elements, arrows, and labels. We find overwhelming evidence that they can easily relate the dots in the illustrations to air molecules: varying the density of the dots corresponds to varying the air pressure at the pressure antinodes. Because air molecules, density, and pressure are concepts that already exist in their cognitive structure, they can more readily understand the formation of pressure antinodes in sound standing waves.
VI. CONCLUSIONS
Our study investigated difficulties that students experience with interpreting the illustrations of sound standing waves in existing introductory physics textbooks. We found that they cannot interpret, correctly, the motion of air molecules in sound standing waves from the illustrations depicting two-intertwining sine curves; the typical transverse standing wave illustrations used to convey longitudinal standing wave phenomena are just not meaningful to them. In addition, students cannot make a meaningful link between illustrations of sound standing waves and the underlying physics due to the lack of explanative text accompanying the illustrations.
Our research shows that the new design consisting of illustrations accompanied by explanative text is highly effective in facilitating student learning of the physics of sound standing waves. It reflects the suggestions from semiotic and cognitive psychology theories in terms of the necessary components in an effective illustration. These components include air molecules, sequential processes in a cycle of the wave motion, and arrows and labels that clarify the motion. Student responses to our questionnaires reveal that the new design helps them to visualize the processes and to connect what they are learning to what they already know in a meaningful way.
Although the sample consists of volunteers, in all likelihood, the new illustrations and supporting text will also benefit the student population in general in introductory physics courses. This needs to be confirmed by further research with the general student population. We recommend that textbook publishers consider improving the traditional textbook illustrations by referring to the new design for sound standing waves. We also recommend that physics instructors ensure that students attain the prerequisite cognitive structure necessary to make learning of sound standing waves meaningful. Finally, we recommend that in presenting new illustrations, diagrams, and graphs, instructors provide sufficient elaborative explanations to students in order to avoid misinterpretations. A. The amplitude of the sound standing waves is greater than the diameter of the pipe.
D. The amplitude of the sound standing waves is not at all related to the diameter of the pipe. ______________________________________________ ______________________________________________ ______________________________________________ 4. Which of the following is TRUE about the displacement antinode in a sound standing wave in an air column inside a pipe?
A. The displacement antinode depicts where the displacement of air molecules can have the largest variation from the equilibrium position in a direction parallel to the pipe.
B. The displacement antinode depicts where the displacement of air molecules from the equilibrium position is always at a maximum in a direction parallel to the pipe.
C. The displacement antinode depicts where the displacement of air molecules can have the largest variation from the equilibrium position in a direction perpendicular to the pipe. D. The displacement antinode depicts where the displacement of air molecules from the equilibrium position is always at a maximum in a direction perpendicular to the pipe. ______________________________________________ ______________________________________________ ______________________________________________ 5. Which of the following is TRUE about the pressure node and pressure antinode in a sound standing wave in an air column inside a pipe?
I. The pressure node in a sound standing wave is where the air pressure is zero.
II. The pressure node in a sound standing wave is where the air pressure has no deviation from atmospheric pressure.
III. The pressure antinode in a sound standing wave is where the air pressure is always at a maximum.
IV. The pressure antinode in a sound standing wave is where the air pressure has the largest variation between a maximum compression (air pushing together) and a maximum rarefaction (air pulling apart).
A I. The closed end of the air column is a pressure node. II. The closed end of the air column is a pressure antinode.
III. The closed end of the air column is a displacement node.
IV. The closed end of the air column is a displacement antinode.
A . In an open-open pipe, when the second harmonic standing wave is formed, which best describes the motion of the air molecules?
A. At one moment, air molecules move along one of the two sinusoidal curves while oscillating parallel to the pipe. A half cycle later, air molecules move along the other sinusoidal curve while oscillating parallel to the pipe.
B. At one moment, air molecules move along one of the two sinusoidal curves while oscillating perpendicular to the pipe. A half cycle later, air molecules move along the other sinusoidal curve while oscillating perpendicular to the pipe.
C. At one moment, air molecules compress towards the left pressure antinode and reduce density and pressure around the right pressure antinode. A half cycle later, air molecules reduce density and pressure around the left pressure antinode and compress around the right pressure antinode.
D. During the entire cycle, air molecules oscillate up and down within the bounded areas defined by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower at first, then pull apart, and grow narrower again, followed by pulling apart once more. These indicate air pressure decreases and increases alternately, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure. C. At one moment, air molecules compress around the left and the right pressure antinodes and reduce density and pressure around the middle pressure antinode. A half cycle later, air molecules compress around the middle pressure antinode and reduce density and pressure around the left and the right pressure antinodes. D. During the entire cycle, air molecules oscillate up and down within the bounded areas defined by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower, then pull part, grow narrower again, and pull part once more. Finally, they grow narrower once more and pull apart again. These indicate the air pressure increases and decreases alternately, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure. In an open-closed pipe, when the fifth harmonic standing wave is formed, which best describes the air molecule motions?
C. At one moment, air molecules compress around the closed end of the pipe and the pressure antinode near the opening of the pipe and reduce density and pressure around the pressure antinode in between. A half cycle later, air molecules compress around the pressure antinode in between and reduce density and pressure around the pressure antinodes located at the closed end and near the opening of the pipe. D. During the entire cycle, air molecules oscillate up and down within the bounded areas by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower, pull apart, grow narrower again, and then pull apart once more. Finally, they grow narrower. These indicate that the air pressure increases and decreases alternately, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure. 
APPENDIX C: ANOTHER PERSPECTIVE
(The authors created this handout from the general ideas contained in introductory physics textbooks [8] [9] [10] [11] [12] and from their self-designed illustrations with supporting text.)
Sound Standing Waves in an Air Column inside a Pipe Sound is a longitudinal pressure wave which forms compression and rarefaction regions in a medium such as air. When sound waves propagate in a pipe, the air molecules move along the pipe and the ends of the pipe induce boundary conditions for the motion of the air molecules. At an open end, air pressure should be always equal to atmospheric pressure. Therefore, some air molecules are reflected back into the pipe while some air molecules are refracted out into the atmosphere. The reflected sound waves and the incident sound waves superpose on each other, which produce constructive and destructive interferences based on the principle of superposition. At a closed end, sound waves are fully reflected back off the closed end and superposed on the incident waves to form constructive and destructive interferences. Specifically, when the frequency of the sound waves and the length of the pipe are appropriately chosen, sound standing waves can be formed; pressure nodes represent places where there are no pressure deviations from atmospheric pressure, and pressure antinodes refer to the regions where pressure deviations from the atmosphere pressure vary between a maximum and a minimum. Sound standing waves are an example of standing longitudinal waves.
A sound standing wave of the most fundamental frequency in an open-open pipe, the first harmonic, is depicted in Fig. 9 . There is one pressure antinode, which is located in the middle of the pipe. At one moment in time, air molecules squeeze together towards the middle of the pipe, which results in maximum pressure in the middle of the pipe, as depicted in Fig. 9(a) . After that, they pull apart and extend towards both ends of the pipe, which results in air pressure and density decreasing in the middle of the pipe and, consequently, increasing in other regions of the pipe. Figure 9 (b) shows that one-quarter cycle later the air pressure inside the tube is uniformly distributed for one moment. As air molecules further extend towards both ends of the pipe, the air pressure and density in the middle of the pipe eventually reach a minimum another quarter cycle later as shown in Fig. 9(c) . From this state, air molecules start to squeeze towards the middle of the pipe again, reaching a maximum pressure and density in the middle of the pipe and repeating the process described above. Because the middle of the pipe experiences the maximum variation of pressure during one cycle, it is an antinode of the pressure. On the other hand, the air pressure at both open ends is always equal to atmospheric pressure, and thus they are pressure nodes.
Equivalently, sound standing waves can be analyzed in terms of displacement variations of air molecules as a function of space and time. The displacement curves in Figs. 9(a) through 9(c) show how air molecules in any arbitrary point along the pipe deviate from the equilibrium position (the initial x coordinate of the point). Positive displacement (along the x-axis direction) refers to air molecules displacing to the right, and negative displacement refers to air molecules displacing to the left. For example, the displacement curve in Fig. 9(a) depicts that air molecules in the left half of the pipe move to the right towards the middle of the pipe, while the air molecules in the right half of the pipe move to the left towards the middle of the pipe. This results in the increase of air pressure in the middle of the pipe. Comparing the pressure curves with the corresponding displacement curves in Fig. 9 , one can see that a pressure antinode is a displacement node, and a pressure node is a displacement antinode. As time elapses, the amplitudes of the pressure and displacement curves gradually vary between the shapes depicted in Fig. 9 (a) and the ones in Fig. 9(c) . Since the wavelength of the displacement curve or the pressure curve is twice the length of the pipe, the fundamental frequency of the sound standing wave in the open-open pipe is
The sound standing waves of the next higher frequency, the second harmonic, have two pressure antinodes as shown in Fig. 10 . This, or higher harmonic standing waves, can be analyzed in the same fashion as the first harmonic in terms of pressure and displacement. At one moment, air molecules squeeze towards a pressure antinode on the left and reduce density and pressure around the pressure antinode on the right, as indicated in Fig. 10(a) . A half cycle later, air molecules reduce density and pressure around the pressure antinode on the left and compress around the pressure antinode on the right as shown in Fig. 10(c) . Therefore, air molecules move back and forth in three sections of the pipe separated by the two pressure antinodes. Since the wavelength of the displacement curve or the pressure curve equals the length of the pipe, the corresponding frequency f 2 is twice the fundamental frequency,
The sound standing waves of an even higher frequency, the third harmonic, have three pressure antinodes. At one moment, air molecules compress around the two pressure antinodes on the left and the right of the pipe at the same time, while reducing density and pressure around the middle pressure antinode as shown in Fig. 11(a) . A half cycle later, air molecules compress around the middle pressure antinode and reduce density and pressure around the two pressure antinodes on the left and the right, as illustrated in Fig. 11(c) . Since the wavelength of the displacement curve or the pressure curve equals 2 3 of the length of the pipe, the corresponding frequency of the sound standing wave f 3 is three times the fundamental frequency, f 3 ¼ v=λ ¼ v= 2 3 L ¼ 3f 1 . Therefore, it can be inferred that all higher harmonics are positive integer multiples of the first harmonic:
In the open-closed pipe, the closed end is always a pressure antinode because the air molecules compress there due to it being a hard boundary. On the standing waves of the fundamental frequency, the first harmonic, air molecules at one moment squeeze towards the left closed end, as seen in Fig. 12(a) . A half cycle later, air molecules reduce density and pressure near the closed end and extend towards the open end, passing through the stage depicted by Fig. 12(b) and eventually reaching the state depicted in Fig. 12(c) . Since the wavelength of the displacement curve or the pressure curve is four times the length of the pipe, the fundamental frequency of the standing sound wave in the open-closed pipe is f 0 
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For the standing wave of the next higher frequency, the third harmonic, there are two pressure antinodes, which include the one at the closed end. At one moment in time, the air molecules squeeze towards the left closed end of the tube and reduce density and pressure around the pressure antinode on the right, as shown in Fig. 13(a) . A half cycle later, air molecules squeeze towards the pressure antinode on the right and reduce density and pressure near the closed end, as illustrated in Fig. 13(c) . Since the wavelength of the displacement curve or the pressure curve equals 4 3 of the length of the pipe, the corresponding frequency of the sound standing wave f 0 3 is three times the fundamental frequency f 0
. This is why it is called the third harmonic.
For the standing wave of the next higher frequency, the fifth harmonic, there are three pressure antinodes including the one at the closed end. At one moment, air molecules compress towards the left closed end, reduce density and pressure around the middle pressure antinode, and squeeze towards the pressure antinode on the right, as shown in Fig. 14(a) . A half cycle later, the air molecules reduce density and pressure near the left closed end of the pipe, compress around the middle pressure antinode, and reduce density and pressure around the pressure antinode on the right, as shown in Fig. 14(c) . Since the wavelength of the displacement curve or the pressure curve equals 4 5 of the length of the pipe, the corresponding frequency of the sound standing wave is five times the fundamental frequency f 0
. This is why it is called the fifth harmonic. It can be inferred that the odd harmonics for an open-closed pipe are given by
As sound is a pressure wave, the amplitude of the displacement or pressure curves is only related to the A. The amplitude of the sound standing waves is greater than the diameter of the pipe.
D. The amplitude of the sound standing waves is not at all related to the diameter of the pipe. ______________________________________________ ______________________________________________ ______________________________________________ 4. How does the amplitude of the sound standing waves relate to the diameter of the pipe in your opinion?
D. The amplitude of the sound standing waves is not at all related to the diameter of the pipe. A. The displacement antinode depicts where the displacement of air molecules can have the largest variation from the equilibrium position in a direction parallel to the pipe.
C. The displacement antinode depicts where the displacement of air molecules can have the largest variation from the equilibrium position in a direction perpendicular to the pipe. D. The displacement antinode depicts where the displacement of air molecules from the equilibrium position is always at a maximum in a direction perpendicular to the pipe. ______________________________________________ ______________________________________________ ______________________________________________ 6. Which of the following is TRUE about the pressure node and pressure antinode in a sound standing wave in an air column inside a pipe?
A C. At one moment, air molecules compress towards the center of the pipe. A half cycle later, air molecules reduce pressure and density around the center of the pipe and extend themselves towards both ends. D. During the entire cycle, air molecules oscillate up and down within the bounded areas defined by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower around the center and then pull apart, indicating air pressure increases and then decreases accordingly, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure. C. At one moment, air molecules compress towards the left pressure antinode and reduce density and pressure around the right pressure antinode. A half cycle later, air molecules reduce density and pressure around the left pressure antinode and compress around the right pressure antinode. D. During the entire cycle, air molecules oscillate up and down within the bounded areas defined by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower at first, then pull apart, and grow narrower again, followed by pulling apart once more. These indicate air pressure decreases and increases alternately, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure. In an open-open pipe, when the third harmonic standing wave is formed, which best describes the motion of the air molecules?
C. At one moment, air molecules compress around the left and the right pressure antinodes and reduce density and pressure around the middle pressure antinode. A half cycle later, air molecules compress around the middle pressure antinode and reduce density and pressure around the left and the right pressure antinodes. D. During the entire cycle, air molecules oscillate up and down within the bounded areas defined by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower, then pull part, grow narrower again, and pull part once more. Finally, they grow narrower once more and pull apart again. These indicate the air pressure increases and decreases alternately, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure.
E In an open-closed pipe, when the third harmonic standing wave is formed, which best describes the motion of the air molecules?
C. At one moment, air molecules compress towards the closed end of the pipe and reduce density and pressure around the other pressure antinode. A half cycle later, air molecules compress around the other pressure antinode and reduce density and pressure near the open end and the closed end of the pipe. D. During the entire cycle, air molecules oscillate up and down within the bounded areas by the two sinusoidal curves while propagating along the pipe. As time progresses, the curves grow narrower, then pull part, and grow narrower again, indicating the air pressure increases and decreases alternately, with the narrower regions associated with higher pressure and thewider regions associated with lower pressure.
E In an open-closed pipe, when the fifth harmonic standing wave is formed, which best describes the air molecule motions?
C. At one moment, air molecules compress around the closed end of the pipe and the pressure antinode near the opening of the pipe and reduce density and pressure around the pressure antinode in between. A half cycle later, air molecules compress around the pressure antinode in between and reduce density and pressure around the pressure antinodes located at the closed end and near the opening of the pipe. D. During the entire cycle, air molecules oscillate up and down within the bounded areas by the two sinusoidal curves while propagating along the pipe. As time progresses, the two curves grow narrower, pull apart, grow narrower again, and then pull apart once more. Finally, they grow narrower. These indicate that the air pressure increases and decreases alternately, with the narrower regions associated with higher pressure and the wider regions associated with lower pressure. A. The amplitude of the sound standing waves is greater than the diameter of the pipe.
D. The amplitude of the sound standing waves is not at all related to the diameter of the pipe ______________________________________________ ______________________________________________ ______________________________________________
